Objective: The number of morbidly obese subjects submitted to bariatric surgery is rising worldwide. In a fraction of patients undergoing gastric bypass (GBP), episodes with late postprandial hypoglycemia (PPHG) develop 1-3 years after surgery. The pathogenesis of this phenomenon is not fully understood; meal-induced rapid and exaggerated increases of circulating incretins and insulin appear to be at least partially responsible. Current treatments include low-carbohydrate diets, inhibition of glucose intestinal uptake, reduction of insulin secretion with calcium channel blockers, somatostatin analogs, or diazoxide, a K ATP channel opener. Even partial pancreatectomy has been advocated. In type 2 diabetes, GLP1 analogs have a well-documented effect of stabilizing glucose levels without causing hypoglycemia. Design: We explored GLP1 analogs as open treatment in five consecutive GBP cases seeking medical attention because of late postprandial hypoglycemic symptoms. Results: Glucose measured in connection with the episodes in four of the cases had been 2.7, 2.5, 1.8, and 1.6 mmol/l respectively. The patients consistently described that the analogs eliminated their symptoms, which relapsed in four of the five patients when treatment was reduced/discontinued. The drug effect was further documented in one case by repeated 24-h continuous glucose measurements.
Introduction
Obesity is a global and increasing health problem, where medical and diet treatment is often not effective enough. The number of performed bariatric operations is on the rise, with gastric bypass surgery (GBP) being the most common (1) .
GBP creates a passage of nutrients through a minute gastric remnant directly into the small intestine. This alteration in anatomy gives rise to side effects: early dumping symptoms and in some cases later discomfort due to postprandial hypoglycemia (PPHG) (2) . The dumping syndrome is characterized as an attack within 10-30 min after eating with symptoms of dizziness, diaphoresis, flushing, nausea, bloating, and fatigue. It is believed to be caused by osmotic fluid shifts from blood to lumen, with symptoms also stemming from an activation of the sympathetic system (3). The late reactive symptoms, considered to reflect hypersecretion of insulin in relation to the amount of glucose ingested, arrive 1-3 h after a meal and include weakness, sweating, dizziness, and fainting, which are the symptoms of neuroglycopenia that ultimately can lead to seizures. These symptoms are known to occur after both partial and total gastrectomy, procedures very similar to GBP.
In a recent study on 1153 patients who had undergone gastrectomy for gastric cancer, 2/3 had had early dumping symptoms and 1/3 experienced late dumping (4) . Marsk et al. (5) used the Swedish National Patient Register to extract an absolute risk of 0.2% for a GBP patient to present with symptoms requiring hospitalization (0.04% in the general population). The relative risk of hospitalization due to hypoglycemic symptoms was increased 2.7-fold. The risk was not increased after other types of bariatric surgery.
The mechanism for development of late PPHG is believed to reflect hypersecretion of GIP and GLP1, which are proposed to induce a b-cell expansion, via increased expression of islet cell transcription factor pancreatic and duodenal homebox-1 protein (PDX1) (2, 6, 7). Service et al. (8) considered nesidioblastosis (here used regarding adult b-cell hyperplasia) as the pathological basis and performed partial pancreatectomy. In another report, partial pancreatectomy seemed to cure three patients, whereas reversing the GBP in one of these cases did not (9) . b-cell hyperplasia has been questioned by Meier et al. (10) , who studied pancreatic tissues from six patients and compared with tissues obtained from 31 obese and 16 lean controls. No morphological findings of b-cell hyperplasia were found but a correlation between b-cell nucleus diameter (considered a surrogate marker of b-cell secretory activity) and preoperative BMI was observed.
GBP patients with neuroglycopenic symptoms do not have higher morning values but higher insulin and incretin levels after a mixed meal compared with GBP patients without symptoms (11) . When 36 unselected patients at least 6 months postoperative from GBP were examined by 100 g oral glucose liquid load, 69% showed glucose values !3.3 mmol/l at 120 min, suggestive of reactive hypoglycemia (12) . A case report in which food was administered in the empty gastric remnant via gastrostomy abolished gastrointestinal discomfort (13) , emphasizing the importance of an intact pyloric function and duodenal passage to avoid dumping and excessive gut hormonal responses.
In patients with type 2 diabetes, GLP1 analogs have a well-documented effect of stabilizing glucose levels without causing hypoglycemia (14) . We therefore have tried it as off-label treatment for PPHG following Rouxen-Y GBP. Here, we present five consecutive cases treated with GLP1 analogs at our clinic. Basic characteristics of the patients are given in Table 1 . Patients 1, 2, 3, and 5 had not previously presented with diabetes or abnormal glucose tolerance test, used any glucose-modifying medication, or had any other identifiable cause of hypoglycemia. Patient 4 had preoperatively type 2 diabetes and was treated with metformin and glimepirid. The treatment was discontinued shortly after operation. All patients had had frequent meetings with the clinic's specialist dieticians to optimize their eating regimen prior to medication. Patients were given advice to take frequent meals 6-7 times a day with low carbohydrate and high protein content, to not drink during meals but rather in between, and to keep a food diary.
Patient cases

Case 1
This is the index case that made us aware of the possible potential of GLP1 analogs as treatment of PPHG. It was a 44-year-old woman who had a GBP in 2008. She lost a total of 40 kg and her BMI dropped from 42 to 29 kg/m 2 . In May 2011, she was put on GLP1 analog liraglutide as an attempt to boost weight reduction. On an out-clinic visit 3 months later, the patient expressed satisfaction with a weight reduction of 5 kg, but most of all over the fact that her PPHG symptoms had completely disappeared. This troubled her about once per week. During a 1-month withdrawal, the patient experienced relapsing symptoms of hypoglycemia. Presently, the patient is on liraglutide 1.8 mg/day and reports no PPHG at all. The episodes were only reported by the patient, and there are no documented glucose values. The patient was not willing to perform 24-h glucose curves.
Case 2
This patient is a 33-year-old woman who works as a nurse. She had a preoperative weight of 131 kg and a BMI of 46. GBP was performed in April 2010, and subsequently the patient's weight reduced to 76 kg (BMI 27). The patient first complained of PPHG in June 2011. As a nurse, she had access to capillary plasma glucose measuring and could, on repeated occasions, document levels as low as 2.7 mmol/l a couple of hours after meals. She experienced dizziness, fatigue, heart flutter, and sweating several times a week. Symptoms regressed and glucose values increased upon intake of food with high sugar content. She was initially treated with acarbose and nifedipin, with almost no effect. She was therefore put on liraglutide in September 2011. This had a marked effect and since then she has only had one hypoglycemia episode that came after a meal with 'quite a lot of alcohol' (patient's own words). She is currently treated with liraglutide 1.2 mg/day. In an attempt to lower the dose to 0.6 mg/day, the patient experienced relapse of PPHG.
Case 3
A 36-year-old woman with a preoperative BMI of 47 had a GBP in 2009. She first complained of PPHG in the summer of 2011, having reached a BMI of 35. She was examined with continuous glucose monitoring (CGMS) for 5 days (Fig. 1a) , and repeatedly and several times daily her glucose fell below 3.0 mmol/l, and to 2.5 mmol/l at the lowest, 1-2 h postprandially with symptoms of dizziness and weakness. Symptoms and glucose normalized when eating food with high sugar content. She experienced hypoglycemic problems daily and was given liraglutide 1.2 mg/day in October 2011 as first treatment and responded promptly. Medication was discontinued after 1 year in the fall of 2012 and so far the previous problem with PPHG has not returned. She reports a less stressful life with more time to plan correct and frequent meals.
Case 4
This 64-year-old woman had her GBP in the spring of 2008. Her preoperative weight of 130 kg had been reduced to 82 kg the following year, when she first noted symptoms of hypoglycemia 1-2 h after meals, predominantly tremor, sweating, and heart flutters. She was given a blood glucose-measuring device and could, on repeated occasions, measure glucose below 2 mmol/l, with a lowest value of 1.8 mmol/l. On CGMS examination for 3 days, the lowest postprandial glucose level was 2.7 mmol/l (Fig. 1b) . The symptoms appeared about once weekly and glucose levels were normalized after eating food with high sugar content. This patient had type 2 diabetes mellitus prior to the operation. When postprandial hypoglycemic episodes appeared, the patient underwent a 3-day fast without hypoglycemias and a CT scan of the abdomen with normal result. She was treated with nifedipin, diazoxide, and acarbose without any effect. In May 2011, she was prescribed liraglutide 1.2 mg, and all hypoglycemic episodes immediately disappeared. As this patient experienced heart flutters and diarrhea, medication was changed to exenatide twice daily, later weekly. She then experienced nausea and stomach pains, but still no hypoglycemia. On the basis of side effects, medication was discontinued in October 2012 on the patient's demand. She presently tries to regulate her blood glucose levels with an extremely strict diet; however, the frequent late PPHGs have returned.
Case 5
A 45-year-old woman with a preoperative weight of 100 kg and a BMI of 38 had a GBP performed in September 2009. In the spring of 2012, the patient was admitted to the neurological ward because of seizures and unconsciousness, in retrospect most likely due to PPHG, but not diagnosed. The patient was discharged without specific treatment. After that, problems with traditional hypoglycemic symptoms ensued 2-4 h postprandially. The problems, occurring one to two times weekly, regressed when eating food with high sugar content. On examination with CGMS in March 2012, glucose decreased to a minimum of 1.6 mmol/l postprandially (Fig. 1c) stop the hypoglycemia, the patient experiences side effects including nausea and headache. In August 2012, the therapy was therefore changed to weekly exenatide, minimizing side effects without the return of hypoglycemic episodes. A follow-up of the 3-day CGMS showed no hypoglycemia (Fig. 1d) .
Discussion
In this open study, we observed a protective effect of GLP1 analogs on pronounced symptoms of postprandial hypoglycemic episodes in five patients who 1-4 years previously had had GBP surgery at our center. PPHG in GBP patients seems to have a complex pathogenesis. The normal counter-regulation against low blood glucose is not functioning properly, because of a lack of inhibition to insulin secretion, or subnormal response from the anti-insulinary hormones, or possibly a combination. A key component, however, is the rapid transit and appearance of nutrients in the intestine, causing very marked glucose and insulin elevations as well as increased GLP1 peaks. At meal tests, GBP patients typically show peaks in glucose 30-45 min postprandially followed by drops down to below baseline at 180 min, while insulin peaks at 30-60 min and is back to basal levels at 90-120 min (15, 16) . GLP1 peaks at 15-30 min, falling to basal levels 60-90 min later. The GBP patients also have a stimulated glucagon release, which is not fully understood, and might reflect enteroglucagon released from the intestine, as well as glucagon released from a-cells, via stimulation by glucagon-like peptide-2 (17) . There are receptors for GLP1 on a-cells and on insulin-producing b-cells and somatostatin-producing d-cells (18) . The number of GLP1 receptors does not seem to be increased in islets from surgical pancreatic tissue specimens (19) . The GBP procedure also induces, in addition to several changes in key glucoregulatory hormones, changes in neuronal/ sympathetic activity, the latter less well documented but is reflected for instance in marked changes in vasodilation 1 month after surgery (20) . Nauck et al. (21) showed in 1993 that, in type 2 diabetes patients on GLP1 treatment, glucagon levels in the normo/hypoglycemic state were elevated compared with controls. Ahrén et al. (22) further showed in 2009 that by increasing levels of GLP1, with the DPP-IV-inhibitor vildagliptin, the glucagon response to acute hypoglycemia was significantly increased compared with controls. Furthermore, indirect findings indicated that GLP1 receptor activation may make b-cells more capable of suppressing insulin secretion at low glucose. Possibly, the positive effects of GLP1 analogs in GBP patients with hypoglycemic episodes involve the same glucose-stabilizing mechanism as in patients with diabetes receiving GLP1 active drugs, i.e., in low glucose conditions, a downregulation of the insulin secretion and upregulation of the glucagon level.
When performing a test meal and simultaneously giving i.v. GLP1, male volunteers who received GLP1 showed significantly lower insulin and glucose but higher glucagon postprandially compared with controls (23) . Conceivably, the basis for long-acting GLP1 analogs having a positive effect on counteracting late PPHG might be that the endogenous GLP1 has a short window of activity, whereas exogenous GLP1 analogs promote persistent GLP1 receptor activation.
Glucagon has been tried but not proven useful in a GBP case with PPHG (24) . Glucagon was given as a continuous infusion during a 4-h period, which included a test meal. At cessation of the glucagon administration, the patient experienced hypoglycemic symptoms. The glucagon infusion was accompanied by high pharmacological levels of glucagon and hyperglycemia and a prolonged hyperinsulinemia, considered to explain why the protocol failed (24) . As mentioned, glucagon levels increase in GBP patients following meal intake. In a study by Goldfine et al. (11) , no difference in glucagon area under the curve was observed when patients with and without late hypoglycemia were examined with a meal test (which provided 256 kcal, 8% protein, 30% fat, and 62% carbohydrate) over 120 min. No symptomatic hypoglycemia was provoked by the tests, however, which would have allowed for an evaluation of counter-regulation. Possibly, patients prone to have late PPHG have insufficient counterregulatory responses and/or low glycogen stores, and these areas deserve future study.
Based on our open observations, we suggest that GLP1 analogs could be tried in severe cases of PPHG, in particular before partial pancreatectomy is discussed. In our view, they are also superior in effect to the currently used treatments, and furthermore, side effects of currently used drugs, i.e. gastrointestinal problems with glucosidase inhibitors, unwanted hormonal side effects, and bile stone formation with somatostatin analogs, hypotension with calcium blockers, and hypertrichosis with diazoxide, can be avoided using GLP1 analogs. When considering this, a prospective, randomized trial to further define the role of GLP1 analogs in treating symptoms of PPHG in GBP patients seems warranted.
Declaration of interest
The authors declare that there is no conflict of interest that could be perceived as prejudicing the impartiality of the research reported.
Funding
This research did not receive any specific grant from any funding agency in the public, commercial or not-for-profit sector.
